In this work we investigate the possible condensation of tetraneutron resonant states in the interior of Neutron Stars (NSs). Using an effective field theoretical approach we solve the set of relativistic self-consistent (mean field) equations to characterize the system containing different hadronic species including, besides tetraneutrons, nucleons, ∆-isobars and a set of light clusters ( 3 He, α particles, deuterium and tritium). σ, ω and ρ mesonic fields provide the interaction. Scanning the yet uncertain range of the coupling strengths of the tetraneutron states to the mesonic fields considered we study how their presence could significantly impact the properties of NS matter. We find that for weak coupling strengths of tetraneutrons to the σ field tetraneutrons may appear over a range of densities belonging to the NS crust while for higher strengths they can be found in the core. In this latter case a non negligible suppression of both the ∆-isobar fraction and superfluid phases of paired nucleons would arise as a manifestation of the tetraneutron condensate. We discuss further implications of such findings.
The essential identity of nuclear forces acting between nucleons lies behind the idea of the possible existence of resonant tetraneutron states ( 4 n). Long standing searches of this four neutron state were initiated by studying its possible formation in the break-up reaction 14 Be → 10 Be+ 4 n [1] . Despite the fact that the existence of bound tetraneutrons was theoretically excluded with high confidence [2] [3] [4] [5] [6] [7] [8] , no arguments able to rule out the resonant 4 n-state were presented. A new splash of enthusiasm to studies of the four neutron resonance is motivated by a recent experimental claim that such a state with an excitation energy E 4n = 0.83 MeV and width Γ 4n = 2.6 MeV was detected in the exchange reaction α + 8 He → 8 Be + 4 n [9] . Intensive theoretical studies confirmed that tetraneutrons can exist in the form of resonances. In Ref. [10] in what can be assumed to be vacuum conditions its excitation energy and width were predicted to be E 4n = 0.8 MeV and Γ 4n = 1.4 MeV, respectively. Larger values of these quantities of about E 4n =7.3 MeV and Γ 4n = 3.7 MeV were also reported in [11] . Robust theoretical approaches predict even larger widths of tetraneutrons [2, 7, 12] .
Such large widths seem to indicate their disability to exist in a form of stable aggregates. They, however, can exist if confined by strong external fields [2, 10] . The simplest system exhibiting such a tetraneutron confinement could be associated to 8 He. In such a system, nuclear forces create a significant potential barrier which prevents the break up of tetraneutrons and confines them around α-cores. Along the same line, it may be of interest to investigate whether in an extended system, such as an strongly interacting nuclear matter medium, the existence of these resonances could be due to the presence of strong mesonic fields mediating nucleon-nucleon forces. Such an effect could be crucial for the description of neutron rich matter, where the probability of creation of a 4 n-resonance could be, in principle, statistically favoured. If the fraction of such resonant states was high enough they could significantly affect the properties of β-equilibrated nuclear matter even despite their associated short lifetime. The interior of a NS seems to be a suitable place to help shed light on the possible existence on tetraneutrons. As we will argue later in the manuscript these particles can populate the stellar medium with an onset density that can be well below nuclear saturation density. The main question we address in this contribution is, thus, twofold. First, whether tetraneutrons could exist in such a dense medium inside NSs and second, how they could affect its microscopic properties.
The possible existence of tetraneutrons in nuclear matter is linked to their resonant character [3-8, 12, 13 ]. An effective treatment based on effective field theories (EFT) has proven to be successful when describing the interior of NSs. Therefore, in this work we will consider the possible existence of tetraneutrons in β-equilibrated nuclear matter by using a relativistic mean field (RMF) model based on, besides this new species, baryons, leptons, light clusters and mesonic degrees of freedom in a similar fashion to that done in previous works [14] [15] [16] [17] . Further, such a treatment is also analogous to that followed for dibaryons in [21, 22] .
Additional work on the presence of other resonances has also been performed, for example in [23] where the effects of the mass distribution and the associated massdependent lifetimes of ∆(1232) resonances were partially considered, although a full in-medium treatment is still missing. As this latter task is beyond the scope of the present work, instead we will consider a prescribed minimal coupling of these particles to mesonic fields and solve the set of self-consistent equations arising. Within this framework tetraneutrons, being scalar entities with non zero baryon charge, can be represented by a singlecomponent complex field. By using an approach based on specifically targeting resonant states [24] and taking into account the finite quantum mechanical width of these particles one could explicitly introduce this in-gredient to the underlaying RMF model. In particular and as a result, calculating the contribution of tetraneutrons to thermodynamic quantities such as pressure or energy density, is performed in a different fashion than for other non-resonant states due to the inclusion of a mass distribution function ρ 4n (m). This approach has been applied in various versions of the hadron resonance gas model for the description of experimental hadron multiplicities produced in heavy ion collisions [25, 26] . Technically, it involves integration over masses exceeding the dominant decay channel threshold, m th 4n , while ρ 4n (m) gives an integration weight. In this contribution we set m th 4n = 4m n , with m n being the neutron mass, and use a relativistic Breit-Wigner distribution centered at m = m 4n ≡ 4m n + E 4n with an associated width Γ 4n to describe the spread of the tetraneutron mass as we discuss later.
The RMF model considered in our work includes contribution of nucleons i.e. protons (p) and neutrons (n), ∆-isobars, electrons (e) and light nuclear clusters (deuterons, tritiums, 3 He nuclei and α-particles) as well as tetraneutrons in a zero temperature medium. Note that the four charge states of ∆(1232) resonances do also have a finite lifetime and can be described using a Breit-Wigner mass distribution around the centroid value m 0 = 1232 MeV with a width of about 120 MeV. However, the treatment of this type of baryons usually neglects this fact or, even if accounted for, in-medium corrections are disregarded [23] . Since a full consideration of the resonant nature of both ∆ and 4 n species is well beyond the scope of this work we will restrict to the exploration of the finite-width effects to the one with larger lifetime, the tetraneutron, leaving a more thorough analysis for future work.
In our modelling nuclear interaction is mediated by vector-isoscalar ω, vector-isovector ρ and scalar-isoscalar σ mesons. Baryons and stable nuclear clusters are coupled to mesons within a minimal coupling scheme which is exhaustively described in Refs. [14] [15] [16] [17] . Due to the lack of knowledge of the tetraneutron couplings we also choose these resonances to be coupled in the same fashion. Coupling strengths are parametrized by constants g jω , g jρ and g jσ in terms of the nucleon ones (g ω , g ρ and g σ ) as g jω = x jω g ω , g jρ = x jρ g ρ and g jσ = x jσ g σ . Let us remind here that this set of coupling ratios are largely uncertain in our calculation as we will later discuss. Here the index j runs over the medium species considered. Values of g ω = 9.479, g ρ = 8.424 and g σ = 8.487 are chosen in order to reproduce zero pressure, binding energy per nucleon at 16.3 MeV for the symmetric nuclear matter ground state at saturation density n 0 = 0.153 fm −3 as well as the symmetry energy coefficient a sym = 32.5 MeV. Vacuum rest masses of nucleons and stable nuclear clusters are defined as in Ref. [16] . The one of ∆-isobars is fixed as in Refs. [23, 28] while for mesonic masses we used [29] . The mass of tetraneutrons m 4n = 4m n +E 4n is given in terms of m n and their excitation energy [9] . For electrons we set m e = 0.511 MeV. In addition, we assume no magnetic field is present. If that was the case a more detailed analysis including polarization effects [33, 34] should be included.
Let us analyze the different contributions in the Lagrangian model used. First, it includes fermionic terms
of nucleons, ∆-isobars, electrons, tritiums and 3 He nuclei. Here f stands for the Dirac bispinor and the RaritaSchwinger field when representing fermions with spin 1 2 and 3 2 , respectively. Contribution of deuterons is described through the Lorentz vector field d µ (we sum over repeated indexes)
The Lagrangian term for α-particles is written as
Finally, the contribution of tetraneutrons is described with a Lorentz scalar field φ averaged over the BreitWigner mass distribution
with N a normalization constant. The expression for the resonant tetraneutron Lagrangian is
In our prescription, covariant derivatives are defined as
where I j is the isospin vector of the corresponding particle species. The isospin third component
is defined through the electric Q j and baryonic B j charges. In the case of nucleons and ∆-isobars medium masses are m * j = m j − g jσ σ while for stable nuclear clusters instead m * j = m j + δm j − g jσ σ. In addition, in our setting the medium mass of tetraneutrons is defined as
2 . (7) Note, that for Γ 4n = 0 the expression of m * 4n recovers the form of a stable species since the mass distribution ρ 4n (m) acts as δ-function of argument m − m 4n .
It is already known that effective medium masses of stable nuclear clusters suffer a shift of their binding and excitation energies from Pauli blocking corrections [14] .
Following the formalism of Ref. [17] we write the corresponding mass shift (including tetraneutrons) as
where the index k labels the before mentioned species, Z k and N k are their proton and neutron numbers, while n N and N with N = n, p represent particle and energy densities of nucleons of a given sort. It is worth mentioning at this point that this correction is included in [17] for light systems starting from A = 2 (deuteron) even if it seems more justified for medium-heavy nuclei.
However it has proven to give a reasonable effective energy shift for light clusters and in the same spirit we introduce this Pauli blocking shift for the tetraneutron resonance. We will nevertheless later discuss the validity of our ansatz. Further, a few-body treatment would involve more refined calculations such as those claimed in [18] where they use a method based on an exact integral version of the Faddeev-Yakubovsky equations governing the 4-fermion system proposed by Alt, Grassberger, and Sandhas (AGS) [19] , however the high complexity of our many-body system prevents its application in this context. Mesonic contributions to the Lagrangian are the ones of free vector (ω and ρ) and scalar (σ) fields. The well known self-interaction of σ-field and c = −3.492 × 10 −3 allows the present model to fit the incompressibility factor K 0 = 250 MeV and the effective nucleon mass m * N = 0.75m N at saturation density of symmetric nuclear matter. Note that although allowed, we do not include other possible nonlinear terms involving ω and ρ mesons in order to keep our modellization simple. Regarding the density dependence of the symmetry energy slope we find it to be in our model L = 91.2 MeV. This is slightly larger than the global average quoted value around L = 61 MeV and more in line with values allowed from studies of nuclear masses [30] and heavy-ion collisions [31] , see Fig. 24 in [32] .
Isoscalar couplings of stable clusters are set as in Ref. [16] . This set up is consistent with the values of their binding and dissociation energies [14] as well as with experimental predictions of the Mott transition densities [27] . In line with [23, 28] we take couplings to isoscalar mesons to be the same for nucleons and ∆-isobars, i.e x ∆ω = x ∆σ = 1. This choice is motivated by the lack of empirical information about ∆-meson couplings as well as by arguments regarding simple quark counting [35] .
A more careful discussion involves the resonant tetraneutron states. At the moment there is neither theoretical nor experimental information about their coupling strengths. Therefore, the existing degree of uncertainty only allows performing a study in an exploratory fashion. In this spirit we will consider the case where tetraneutron-meson couplings x 4nσ /A ∈ [0.85, 1.5] with A = 4. As we will later discuss the x 4nσ parameter is the most influential in our solution. Isovector couplings are set the same for all particle species, i.e. x jρ = 1 except electrons (x eω = x eρ = x eσ = 0). This simple parametrization in terms of fractional ratios x ij is well tested and proven to be successful in many RMF models [14] [15] [16] [17] 23 ].
In our model, pressure can be written as a sum of partial pressures of non-interacting quasiparticles, with the medium masses m * j and effective chemical potentials
defined through the baryonic µ B and electric µ Q chemical potentials, the mean values of the scalar field σ and temporal components of the ω and ρ vector fields. Note, that physical chemical potentials are µ j = µ B B j +µ Q Q j . This form of µ j automatically insures β-equilibrium since in this case µ n − µ p = µ e by construction. Values of µ B and µ Q are defined jointly by fixing a baryonic density n B and the requirement of electrical neutrality. Finally, the expression for the total pressure at zero temperature can be written under the form
where d f is the spin degeneracy factor and the Fermi momentum k f = µ * 2 f − m * 2 f . The first sum runs over all fermionic species. The second one accounts for deuterons, α-particles and tetraneutrons which at zero temperature only exist as a Bose-Einstein condensate (BEC) [36] . Note that the different nature of this quantum bosonic condensate is significantly delocalized since a wave function at the lowest energy state is characterized by a spatial spread that is much larger than the typical cluster size of a few fm. Real numbers ζ b represent amplitudes of zero modes in the field operators of these bosons and are obtained by the maximization of pressure, i.e. from the condition
This yields either ζ b = 0 or
At the same time the density of condensed bosons n b =
b has a finite value if the previous equality is fulfilled. Therefore, Eq. (12) is a condition for the BEC existence.
Mean mesonic fields can be self-consistently found from conditions of maximal pressure ∂p ∂ω = 0, ∂p ∂ρ = 0 and ∂p ∂σ = 0. At given baryonic density they define all thermodynamic quantities of electrically neutral nuclear matter in β-equilibrium.
We paid special attention to the analysis of the possibility of the tetraneutron BEC existence. As mentioned before, there is la large uncertainty regarding Γ 4n values. Therefore, and in order to be practical we first set this parameter equal to an average value Γ 4n = 9 MeV which is close to the inverse vacuum lifetime of the tetraneutron τ ∼ 10 −22 s as reported in Ref. [9] . However, inside the isospin asymmetric nuclear medium τ can be significantly modified by the interaction with neutrons [20] whereas rare collisions with other particles could be neglected. Thus, τ in the medium can be roughly estimated as a ratio of mean path which neutrons travel between two consequent collisions with tetraneutrons l ∼ (n n σ tot ) −1 and their mean velocity in nonrelativistic approximation v n ∼ 3(3π 2 n n ) 1/3 /4m n . Using an order of magnitude estimate for the total n -4 n cross-section σ tot = 1 − 2 fm 2 and n n = 0.15 − 0.25 fm
which corresponds n B = 2−4n 0 we obtain an interval for the possible in-medium widening of Γ 4n 10 − 30 MeV. Thus, we set Γ 4n = 18 MeV as an estimate of the typical width of tetraneutrons in the NS core medium. We found that for given values of x 4nσ and x 4nω there is a maximal tetraneutron width, Γ max , exceeding which there is no solution involving the presence of tetraneutrons. This means that the physically acceptable BEC of this type of 4 n resonances can only exist when Γ 4n ≤ Γ max . We find Γ max = 22.5, 27.2, 169.6, 10.23 MeV for sets A, B, C and D, respectively. This phenomenological constraint seems to indicate the need for a careful determination of the self-consistent width in the medium besides the dependence of Γ max on the modelling of the tetraneutron couplings x 4nσ and x 4nω , as it is shown in Fig. 1 .
In what follows our analysis and calculations are performed for the two selected values of Γ 4n = 9 MeV and Table  I . In Fig. 2 we show the baryonic charge fraction (upper panel) and effective chemical potentials (lower panel) for the n (blue), p(red) and tetraneutron (green) components as a function of baryon density n B calculated for Γ 4n = 9 MeV. We use sets A (thin solid), B (dashed), C (dash-dotted) and D (dotted) along with the 4n free solution (thick solid line). Light clusters, ∆s and leptons are omitted in the plot but they do appear as we explore densities starting from the vacuum case. Tetraneutron curves have been displaced with an offset of -2000 MeV in order to clarify the reading of the scale in the plot. Note that n 4n is obtained dividing by B 4n = 4 each value on the tetraneutron curves in the upper plot as the particle number density is B times smaller than its baryonic number density. Thus as an example, at 2n 0 ∼ 0.3 fm −3 the tetraneutron density n 4n ∼ 0.01 − 0.04 fm −3 for the coupling sets considered. We see two different behaviours. For x 4nσ 1 when even if tiny, the tetraneutron BEC can accumulate a sizable fraction of the baryonic charge in the system while for x 4nσ 1 4 n are restricted to the crust in a small up to ∼ 4% fraction. In the case of the depicted set D 4 n exist in the range (0.053 − 0.137)n 0 , and they disappear at a density n B ∼ 0.02 fm −3 in line with typical Mott densities. Regarding the chemical potentials (lower panel) we can see there is an inflection point for each curve signaling the 4 n onset density. Beyond this point, where the tetraneutron species attains its lowest value of chemical potential, its baryonic charge fraction grows until a maximum is reached. For densities larger than that of the 4 n maximum density it is not so energetically favourable to gather charge into these resonances due to Pauli blocking. A remark is due at this point since we have used an effective approach where the tetraneutron nature is considered as a baryonic ingredient in our model. An order of magnitude estimate of the the overlap density of indidual particles could be obtained from the inverse of their eigenvolume V = R 3 /N . From N = 4 and typical estimated sizes of the 4 n [37] we could set R = 5 fm and using our typical baryonic charges found in the high density regime for model sets A, B and C, 4n 4n /n B = 0.2 − 0.4 (see Fig. 2 upper panel) we find n 4n = (0.05 − 0.1)n B . Equating the 1/V = N/R 3 to (0.05 − 0.1)n B we find that the overlap density is around n B = 0.32 − 0.64 fm −3 and therefore we choose to restrict our analysis up to the n B = 0.4 fm −3 value. As mentioned before, the 4 n or any BEC condensate existing in its lowest energy is by its quantum nature a delocalized state.
As we can see from Table I in our model the onset density of tetraneutrons anticorrelates with the one of ∆-isobars for x 4nσ
1. In other words, the 4 n presence suppresses these baryons shifting their appearance to higher baryonic densities. Note that this effect could help solve the puzzling situation where (in absence of 4 n) a softening of the equation of state (EoS) due to the appearance of ∆-isobars yields smaller maximum NS masses although a careful determination of the coupling strengths is yet out of reach. Current measurements of several objects with masses above ∼ 2M seem challenging for the presence of ∆-isobars. Instead, for x 4nσ 1 their presence is restricted to the crust.
In order to further explore the possible microscopic effects of the presence of tetraneutrons we have studied nucleon pairing into spin-zero Cooper pairs. We have selected the most attractive 1 S 0 channel. For this purpose we used the strategy of Ref. [38] . Note that we consider the BCS approximation although more refined treatments are indeed possible [39, 40] quoting in particular those including short-range and long-range correlations to account for medium effects and polarization [41] . The consistency with the present model Lagrangian is provided by the Yukawa parametrization of the two-nucleon interaction potential which includes repulsive contributions from the ω and ρ mesons as well as an attractive one from the σ meson. Note, that such a potential can be derived from the present model Lagrangian within the one boson exchange (OBE) approximation [42] . Safely, as it has been shown in [43] for standard BCS calculations, gap energies are quite similar for different realistic interactions and we choose this parametrization for the sake of simplicity.We believe this treatment captures the essence of the nucleon pairing in our diverse population scenario.
The behaviour of the nucleon pairing gap ∆ defined at the Fermi surface is shown in Fig. 3 by blue (red) curves for neutrons (protons). In the presence of tetraneutrons, model sets A (thin solid), B (dashed), C (dash-dotted) and D (dotted) and with the 4 n free solution (thick solid line) as well. We consider Γ 4n = 9 MeV (upper panel) and Γ 4n = 18 MeV (lower panel). When tetraneutrons are present the position of the peak of the pairing gap is shifted toward higher baryon densities while its amplitude is somewhat increased with respect to the case without tetraneutrons. The dependence on the 4 n decay width is nevertheless weak. In the case of set D it is hardly visible on the upper panel plot with Γ 4n = 9 MeV while for Γ 4n = 18 MeV this component is not even allowed as Γ
Since the nucleon pairing gap ∆ highly influences their density fraction exhibited under paired form we show in Fig. 4 the behaviour of ratios of densities of paired nucleons in presence and in absence of tetraneutrons n pair /n pair no 4n for model sets A (thin solid), B (dashed), C (dash-dotted) and D (dotted). Note that for set D and Γ 4n = 18 MeV this component is not allowed. Before the tetraneutron onset densities this fraction has a unit value. The situation changes once the onset density for formation of the tetraneutron condensate is reached (see values in Table I ) as there is a pronounced decrease for both values of their width, Γ 4n = 9 MeV (upper panel) and 18 MeV (lower panel). In the case of set D the impact is seen only in a range of densities where they are energetically allowed into the system. As seen, this reduction is, generally speaking, comparatively more important for densities belonging to the region of the NS crust. Instead, at higher baryonic densities, well into the NS core, Pauli blocking introduced in our approximate modellization becomes more important leading to suppression of tetraneutrons and weakening of their impact on the paired nucleon fraction.
We conclude that despite their short lifetime tetraneutrons could possibly exist in a neutron rich matter environment in a NS under the form of a BEC depending on their quantum decay width and couplings to the mesonic fields, mainly to the σ meson. We also find that using an effective field theory approach under a RMF approximation and depending on the largely uncertain couplings to the σ, ω, ρ fields, the presence of a tetraneutron condensate leads to the suppression of the S-wave nucleon pairing manifested through a reduction of the fraction of paired particles. This happens due to combination of neutrons to tetraneutrons condensing to a zero mode which is energetically more favourable. Pauli blocking effects have been modelled using an effective treatment. In our model for x 4nσ 1 we find that the BEC of tetraneutrons lead to a suppression of ∆-isobars shifting their onset density beyond ∼ 4n 0 . In the case x 4nσ 1 however the ∆-isobar fraction is not much affected. Thus, we expect that a non-zero fraction of condensed tetraneutrons could sizably influence the EoS of dense nuclear matter, most likely in the crust for x 4nσ 1 while in the core for the opposite case. Along the same line, our preliminar analysis suggests that in case a tetrateneutron condensate could exist it might modify the nucleon pairing gaps, crust properties and significantly affect the cooling behaviour of NSs and
